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Edited by Richard MaraisAbstract Expression of the mouse glutathione transferase Al-
pha 4 (mGSTA4) has been studied during hepatocyte isolation
and in cultured hepatocytes. Transient mGSTA4 induction dur-
ing liver disruption correlated to strong oxidative stress and
induction of the Jun N-terminal kinase (JNK) pathway. Simi-
larly, tumor necrosis factor a induced both JNK phosphorylation
and mGSTA4 expression while speciﬁc JNK inhibitor JNKI1
prevented these two events and JNK activator anisomycin
strongly induced mGSTA4 expression. We also found that
endogenous JNK and mGSTA4 co-immunoprecipitate. A second
mGSTA4 induction occurred 2 days after cell seeding concomi-
tantly to DNA replication and was prevented by treatment with
mitogen-activated protein kinase (MEK) inhibitor U0126. Our
data demonstrate that mGSTA4 is strongly increased during
oxidative stress possibly via JNK pathway and during prolifera-
tion via MEK/extracellular signal-regulated kinase pathway,
and suggest that mGSTA4 might be an endogenous regulator
of JNK activity by direct binding.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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stress1. Introduction
Glutathione transferases (GSTs) are a family of ubiquitous
intracellular enzymes that catalyze the conjugation of gluta-
thione to many exogenous and endogenous compounds [1].
In addition to their major role in catalyzing the conjugation
of electrophilic substrates to glutathione, these enzymes have
glutathione-dependent peroxidase [2] and isomerase [3] activi-
ties. GSTs also have a non-catalytic role via their interaction
with kinases [4–6], and their binding properties towards a
wide range of endogenous and exogenous ligands [7,8].
Among all GSTs, the isoenzyme GST Alpha 4 (GSTA4) hasAbbreviations: ARE, antioxidant responsive element; GST, glutathione
transferase; 4-HNE, 4-hydroxynonenal; JNK, c-Jun N-terminal ki-
nase; MDA, malonedialdehyde; MEK/ERK, mitogen-activated pro-
tein kinase/extracellular signal-regulated kinase; ROS, reactive oxygen
species; TNFa, tumor necrosis factor alpha; EGF, epidermal growth
factor
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nonenal (4-HNE) and GSTA4 overexpressing cells have lower
steady-state levels of 4-HNE [9–11]. This compound is one of
the major end products of lipid peroxidation and has been
shown to induce apoptosis in a variety of cell lines [12]. 4-
HNE induces the Jun N-terminal kinase (JNK) activation
[13] and was suggested to have a role in cellular signaling dur-
ing oxidative stress, diﬀerentiation and proliferation [14]. En-
forced mGSTA4 expression in HL60 cells protects against
apoptosis induced by 4-HNE suggesting GSTA4 might have
a protective role during oxidative stress [11]. mGSTA4 expres-
sion is induced in mice fed on diets containing cancer chemo-
preventive agents [15], in both mouse liver and kidney during
iron overload [16] and mGSTA4 exhibits two peaks of induc-
tion in regenerating liver after partial hepatectomy [17]. Its
expression was also increased both in vivo and in primary
mouse hepatocytes after treatment with tumor necrosis factor
a (TNFa), interleukin 6 and epidermal growth factor (EGF)
[17]. Additional experiments have shown that mGSTA4
expression was induced by these factors via activation of
mitogen-activated protein kinase/extracellular signal-regulated
kinase (MEK/ERK) pathway in quiescent cells and during
hepatocyte proliferation [17]. However, we also hypothesized
that mGSTA4 may be increased by oxidative stress during li-
ver regeneration and iron overload [16,17]. Thus, the aim of
this paper was to further investigate mechanisms of mGSTA4
regulation in mouse hepatocytes during oxidative stress. For
this purpose, we studied expression of mGSTA4 during liver
disruption and hepatocyte isolation, known to be associated
with a strong oxidative stress involving oxygen- and NO-de-
rived species [18,19], and after TNFa stimulation. Here, we
provide experimental evidences of mGSTA4 upregulation
during oxidative stress via activation of JNK pathway
and bring the ﬁrst demonstration of mGSTA4/JNK co-
immunoprecipitation.2. Materials and methods
2.1. Isolation and culture of hepatocytes
Mouse hepatocytes were isolated from 8- to 10-week-old male Balb/c
animals by the two-step perfusion procedure using 0.025% collagenase
buﬀered with 0.1 M HEPES (pH 7.4) as previously described [20]. Iso-
lated hepatocytes were cultured in Williams medium E (Gibco-BRL,
Scotland) containing penicillin G/streptomycin (100 IU/ml), 0.2 mg/
ml serum bovine albumin, 5 lg/ml bovine insulin and 10% fetal calf
serum.ation of European Biochemical Societies.
Fig. 1. mGSTA4 expression in mouse hepatocytes. (A) Total RNAs
and proteins were extracted at diﬀerent steps during liver disruption
and in culture. NL, normal liver; D, dissociation; F, cell ﬁltration; W,
second washing; FIH, freshly isolated hepatocytes and hepatocytes at
3 h and 1–4 days of culture. Northern and Western blot analyses were
performed using mGSTA4 speciﬁc cDNA and rabbit polyclonal
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Total RNA from liver samples or isolated cells were prepared by
using an SV-RNA extraction Kit (Qiagen, Valencia, CA). Subse-
quently, 10 lg of total RNA from each sample was used for Northern
blot analysis as described in [16].
2.3. Protein extraction and Western blot analysis
Liver samples and cultured hepatocytes were homogenized as previ-
ously described [17]. Proteins were fractionated by 12% SDS–PAGE
and then transferred onto PVDF membrane. Membranes were incu-
bated overnight with primary antibody at 4 C and 1 h with horserad-
ish peroxidase-conjugated secondary antibody (Dako) at room
temperature. The rabbit polyclonal antibody against a recombinant
mGSTA4 peptide was characterized in our laboratory [21]. Monoclo-
nal anti-phospho-JNK was obtained from Cell Signaling Technology
(Beverly, MA), while anti-total JNK was purchased from Santa-Cruz.
Proteins of interest were visualized using a chemiluminescence reagent
(ECL, Interchim).
2.4. Determination of intracellular MDA and 4-HNE levels
Malonedialdehyde (MDA) and 4-HNE levels were determined using
lipid peroxidation assay kits (Calbiochem, Nottingham, UK). For each
determination, liver biopsies or cultured cells were washed in ice-cold
phosphate buﬀer saline (PBS) and sonicated in ice-cold 20 mM Tris–
HCl, pH 7.4. After centrifugation, supernatant was collected prior to
determination of total protein concentration and the MDA and 4-
HNE colorimetric assays.
2.5. [3H]Thymidine incorporation
DNA synthesis was measured by incubating mouse hepatocyte cul-
tures with [methyl-3H]thymidine (5 Ci/mmol, Amersham, UK) at 2 lCi
per 35 mm Petri dish for 24 h. Cells were washed twice in PBS,
scrapped oﬀ the Petri dish in PBS, brieﬂy sonicated and aliquoted
for protein content determination. DNA was precipitated with 15% tri-
chloroacetic acid (TCA), washed twice in TCA 10% and 5% prior sol-
ubilization in 200 ll of formic acid. [methyl-3H]thymidine was counted
by scintillation using Packard counter.
2.6. Caspase activity assay
Freshly isolated and cultured hepatocytes were washed with PBS
and stored as pellets at 80 C. Hepatocytes were lysed in the caspase
activity buﬀer as previously described [22]. One hundred lg of crude
cell lysate was incubated with 80 lM substrate-AMC at 37 C for
1 h. Caspase-mediated cleavage of peptide-AMC was measured by
spectroﬂuorimetry (Molecular Devices) at the excitation/emission
wavelength pair (ex/em) of 380/440 nm.
2.7. Quantiﬁcation of intracellular ROS
To assess intracellular reactive oxygen species (ROS) levels, ﬂow
cytometry analyses were performed using the oxidative ﬂuorescent sen-
sitive probe Carboxy-DCFDA as previously described [23]. Hepato-
cytes were incubated at 37 C for 30 min in the presence of 10 lM
carboxy-DCFDA. Formation of 2 0,7 0-dichloroﬂuorescein (DCF) was
then detected using a FACScalibur (Becton Dickinson) equipped with
an Argon laser (488 nm) on FL1 channel.
2.8. Immunoprecipitation experiment
Four hundred lg of total protein in lysis buﬀer (Tris–HCl, pH 8,
50 mM; NaCl 50 mM; EDTA 5 mM; MgCl2 15 mM; NP40 0.5%,
1 mM DTT, 0.1 mM PMFS; 10 lg/ml leupeptin and 10 lg/ml aproti-
nin) was pre-incubated with either 5 ll of aﬃnity puriﬁed anti-GSTA4
antibody or 1 ll pre-immune serum as control, during 2 h at 4 C. Im-
mune complexes were collected on protein A–Sepharose beads for an
hour, washed three times in lysis buﬀer. Denatured proteins were re-
solved using 12% SDS–PAGE, transferred onto PVDF membrane
and immunoblotted with JNK antibody.antibody. Loading controls were 18S and albumin, respectively.
Western blot analysis of mGSTA4 was performed twice and gave
similar results. (B). Densitometry analysis of mGSTA4 mRNA
amounts. Values are means ± SD of four independent experiments.
mRNA levels are expressed as percent of the values of corresponding
control 18S mRNAs (Students t test; *P < 0.05; **P < 0.01;
***P < 0.001).3. Results and discussion
Messenger RNA and protein levels of mGSTA4 were mea-
sured in mouse hepatocytes at diﬀerent times during procedureof liver dissociation and during 4 days of culture. Levels of
mGSTA4 mRNAs were strongly increased during the enzy-
matic dissociation process and in crude liver cell suspensions.
These levels were already decreased in puriﬁed hepatocyte pop-
ulations and mGSTA4 mRNAs were barely detected at 24 h of
culture (Fig. 1A and B). Then, mRNA levels increased again at
48 h and reached steady-state levels at 72 and 96 h. Similarly,
mGSTA4 protein amounts were strongly augmented in per-
fused liver and in freshly isolated hepatocytes (Fig. 1A). There-
after, mGSTA4 levels diminished after cell seeding to become
almost undetectable at 24 h of culture but increased again after
two days of culture. As loading control, albumin immunoblot-
ting was performed and showed a slight decrease in albumin
expression after hepatocyte isolation, as previously reported,
but no signiﬁcant changes thereafter. Interestingly, GSTA4
mRNA levels during the second peak were high compared to
levels during the ﬁrst increase while GSTA4 protein expression
was much higher during hepatocyte isolation suggesting that
GSTA4 expression could be regulated at a transcriptional level
and, at least in part, at a post-transcriptional level.
Further experiments were performed to determine whether
this mGSTA4 increase was related to oxidative stress, cell pro-
liferation or apoptosis. Enzymatic liver dissociation triggers
G0/G1 transition and progression through G1 phase in quies-
Fig. 2. ROS production, 4-HNE/MDA levels and caspase activity
during liver disruption and in cultured hepatocytes. (A) Measurement
of intracellular ROS using cell-permeable oxidative ﬂuorescent sensi-
tive probe carboxy-DCFDA. The ﬁgure represents the overlay of each
FACS analyses performed in hepatocytes during the diﬀerent steps of
isolation and in culture. (C) control of background ﬂuorescence using
cells from dissociation step which were not incubated with DCFDA
probe; FACS analysis of cells incubated with DCFDA probe during
(D) dissociation, (F) cell ﬁltration, (W) second washing, and in (FIH)
freshly isolated hepatocytes and cultured hepatocytes at 3 h and 1–4
days of culture. (B) Lipid peroxidation assay was carried out by
measuring MDA + 4-HNE levels in (NL) normal liver, (D) dissociated
cells, in (FIH) freshly isolated hepatocytes and at (D1 to 4) 1, 3 or 4
days of culture (Students t test; *P < 0.05; **P < 0.01; ***P < 0.001).
(C) Caspase activities in liver and in hepatocytes during the diﬀerent
steps of isolation and in culture. Caspase activities were expressed in
units of ﬂuorescence (UF) per 100 lg of total protein (Students t test;
*P < 0.05). (NL) normal liver, (D) dissociation step, (F) cell ﬁltration
step, (W) second washing, (FIH) freshly isolated hepatocytes and
hepatocytes at 3 h and 1 to 4 days of culture.
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both oxidative stress and G0/G1 transition. G0/G1 transition
was conﬁrmed by the induction of c-Jun mRNAs (data not
shown), whereas oxidative stress was demonstrated by mea-
surement of both ROS and lipid peroxidation products (4-
HNE and MDA) levels. Analysis of ROS production by FACS
(Fig. 2A) indicated that in hepatocytes at the dissociation step
(D), cell ﬁltration (F), wash (W), freshly isolated (FIH), 6 and
24 h of culture, three peaks corresponding to three populations
of hepatocytes undergoing oxidative stress at low, medium and
high intensities, were observed. In cells at 2, 3 and 4 days of
culture, only one peak of low ﬂuorescence intensity was de-
tected demonstrating a low content of ROS in cultured cells
after 1 day compared to peaks showing high ROS levels during
hepatocyte isolation. Altogether, these data demonstrate that
hepatocytes undergo oxidative stress at various levels during
isolation concomitantly to mGSTA4 induction and that ROS
production remains low in culture.
This experiment by FACS does not allow comparing levels
of oxidative stress between normal liver and hepatocytes dur-
ing isolation. For this reason, we measured MDA + 4HNE
(Fig. 2B), two products generated during oxidative stress. In
this experiment (Fig. 2B), we clearly evidenced a strong in-
crease in MDA + 4HNE content in dissociating liver, i.e. 9-
fold (P < 0.01), and in FIH, 12-fold (P < 0.001) compared to
normal liver. Level of MDA + 4HNE decreased at day 1 of
culture then remained stable until day 4 at a higher amount
than in normal liver. This intermediate level of lipid peroxida-
tion products in cultured hepatocytes is an important indicator
of cellular injuries following early oxidative stress during hepa-
tocyte isolation [18,19,25].
Interestingly, mGSTA4 upregulation was not directly associ-
ated with apoptosis since DEVD-AMC caspase activity was
unchanged between normal liver and cells at the dissociation
step (Fig. 2C), while ROS levels and mGSTA4 expression were
already elevated. However, caspase activity was signiﬁcantly
increased (P < 0.05) during the ﬁltration step demonstrating
that at least a fraction of hepatocyte population rapidly under-
goes apoptosis after isolation most likely as a consequence of
high levels of ROS and lipid peroxidation. Since 4-HNE–glu-
tathione conjugates have previously been detected in perfused
hepatocytes [26], mGSTA4-catalyzed conjugation of glutathi-
one with 4-HNE may play an important role in cell protection
against 4-HNE. Altogether, these observations demonstrate
that GSTA4 expression is induced during oxidative stress
and suggest that mGSTA4 might represent an autoregulatory
homeostatic defence mechanism against ROS and lipid perox-
idation products.
Numerous studies from diﬀerent laboratories using a variety
of cell lines have shown that 4-HNE activates SAPK/JNK dur-
ing oxidative stress [11,13,27]. To further demonstrate the rela-
tionship between oxidative stress and GSTA4 expression, we
investigated the role of JNK in the induction of mGSTA4 dur-
ing liver dissociation. JNK activation was studied by immuno-
blotting using speciﬁc antibodies for total JNK or
phosphorylated JNK (JNK-P). An increase in JNK-P levels
was demonstrated as early as the dissociation step while no
change was evidenced in JNK total amount (Fig. 3A). Since
both c-Jun expression and JNK phosphorylation are strongly
increased during the liver dissociation process, a possible
mechanism of mGSTA4 upregulation might involve c-Jun/
AP1 via activation of JNK pathway. This hypothesis was
Fig. 3. JNK signaling pathway and mGSTA4 expression. (A) Western
blot analysis of JNK1/2/3 (JNK) and phosphorylated JNK1/2/3 (JNK-
P) in normal liver (NL), during the dissociation step (D), cell ﬁltration
step (F) and second washing (W), in freshly isolated (FIH) and
cultured hepatocytes after 1–4 days of culture. (B) Western blot
analysis of mGSTA4 and JNK-P expression in control hepatocytes
(C1), TNFa (20 ng/ml) treated hepatocytes in presence (+I) or not (I)
of JNKI1 (1 lM). Western blot analysis of mGSTA4 and JNK-P
expression in control hepatocytes (C2) or anisomycin (10 lM)-treated
hepatocytes (A). (C) Co-immunoprecipitation between mGSTA4 and
JNK: normal liver extract was subjected to immunoprecipitation using
anti-GSTA4 speciﬁc antibody (Ab) or total immunoglobulins from
pre-immune serum (PI). Immunoprecipitates were immunoblotted
with anti-total JNK antibody.
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JNK (Fig. 3B) were induced by TNFa stimulation, known to
induce ROS production [28], while treatment by JNKI1 (a
JNK inhibitor) prevented both events. To further support a
JNK-dependent activation of mGSTA4, we used anisomycin,
a strong inducer of JNK phosphorylation. Treatment of hepa-
tocytes with anisomycin induced both JNK phosphorylation
and mGSTA4 protein levels (Fig. 3B), conﬁrming a correlation
between JNK activation and mGSTA4 expression. Altogether,
these results strongly suggest that JNK pathway might be in-
volved in mGSTA4 induction during oxidative stress.
The rapid increase of mGSTA4 mRNA levels during oxida-
tive stress is in favour of a transcriptional activation of the
gene. We searched for the mGSTA4 gene and 5 0-ﬂanking re-
gion sequences by using in silico analyses (data not shown)
and found a genomic contig containing part of the gene and
its 5 0-ﬂanking region (Mus musculus whole genome shotgun
assembly contig 120999, Accession number CAAA01157532).
The use of Matinspector (http://www.genomatix.de) for analy-
sis of mGSTA4 gene 5 0-ﬂanking region demonstrates the pres-
ence of several putative sequences that might be involved in
mGSTA4 upregulation by oxidative stress: an antioxidant
responsive element (ARE) sequence and at least four AP1
binding sites. Assuming these putative binding sequences are
functional, induction of the gene might be mediated by the nu-
clear factor-erythroid 2 p45 related factor (Nrf2) and/or c-Jun
through the ARE and the AP1 sequences, respectively. Inter-
estingly, increased concentration of 4-HNE might lead to sta-
bilization and nuclear accumulation of Nrf2 and induce
mGSTA4 expression, resulting in increased capacity to metab-
olize 4-HNE [1].
Interestingly, JNK phosphorylation could also lead to Nrf2
activation since it has been recently demonstrated that ERK
and JNK pathways positively activated Nrf2 transactivation
domain activity [29]. Our results suggest that 4-HNE plays a
central role in the induction of mGSTA4 during liver dissoci-ation and hepatocyte isolation. However, one should also con-
sider that ROS participate to this process. Indeed, other
kinases, such as protein kinase C, phosphatidylinositol 3-ki-
nase, and MEK, triggered by oxidative stress, can also regulate
Nrf2 transactivation activity [30,31]. It is noteworthy that ROS
are also potent activators of JNK by oxidative inactivation of
the endogenous JNK inhibitors, such as JNK phosphatases
and GST Pi [6].
Adler et al. [6] have previously demonstrated a physical and
functional interaction between GST Pi and JNK suggesting a
novel mechanism by which GST might regulate cellular signal-
ling. We questioned whether mGSTA4 was also able to inter-
act with JNK. In order to investigate this hypothesis,
immunoprecipitations were performed using mouse normal li-
ver extracts and rabbit polyclonal anti-GSTA4 speciﬁc
antibody. By immunoblotting, using anti-JNK antibodies,
JNK1 and 2/3 were found in mGSTA4 immunoprecipitates
demonstrating that endogenous JNK and mGSTA4 proteins
co-immunoprecipitated and indicating these two proteins are
parts of the same complex (Fig. 3C).
The second increase in mGSTA4, starting after 1 day of cul-
ture, was not associated with a second increase in ROS pro-
duction. The lack of ROS production in culture was
conﬁrmed by the absence of JNK phosphorylation. However,
Fig. 2B demonstrated that viable hepatocytes at day 1 contain
relatively high levels of lipid peroxidation (MDA + 4HNE), as
a consequence of the early oxidative stress occurring during
hepatocyte isolation. Spontaneous apoptosis of hepatocytes
in primary culture taking place after 2–4 days [4,32,33] is most
likely the consequence of this initial oxidative stress leading to
cellular damages that are not repaired in conventional primary
culture. Interestingly, short-term survival does not hamper cell
cycle progression, and apoptosis occurs only when hepatocytes
have completed cell cycle [Gilot et al., in preparation].
The fact that no signiﬁcant increase in caspase activity was
observed between days 1 and 2 of culture (Fig. 2C) suggested
that the second peak of mGSTA4 expression was not corre-
lated to apoptosis. In contrast, mGSTA4 induction was con-
comitant with DNA synthesis as shown by incorporation of
[methyl-3H]thymidine (Fig. 4A). G1/S transition in hepato-
cytes is dependent upon activation of MEK/ERK pathway
[34]. We previously demonstrated that induction of mGSTA4
by EGF required MEK/ERK pathway activation [17]. We
investigated the eﬀect of U0126, an inhibitor of the MEK
activity, on DNA synthesis and mGSTA4 expression in cul-
tured hepatocytes. Figs. 4B and C demonstrate that U0126
prevented DNA synthesis and abrogated the second induction
of mGSTA4, conﬁrming that progression through S phase is
associated with the induction of mGSTA4 during liver regen-
eration [17]. In contrast, mGSTA1 expression was not aﬀected
following U0126 treatment. Interestingly, the phosphatidylino-
sitol 3-kinase and MEK/ERK kinase signalling pathways in-
volved in hepatocyte proliferation, are also potent regulatory
mechanisms of Nrf2 activation [29,31,35]. From these observa-
tions, the Nrf2–ARE pathway could also play an important
role in mGSTA4 upregulation during proliferation of hepato-
cytes.
In conclusion, these data demonstrate that mGSTA4 exhib-
its a biphasic pattern of induction correlating with liver disso-
ciation and proliferation of hepatocytes in culture.
Importantly, we have shown that oxidative stress occurring
during liver dissociation is characterized by high levels of
Fig. 4. Involvement of the MEK/ERK signaling pathway for
mGSTA4 up-regulation in primary culture of hepatocytes. (A) DNA
synthesis was measured by incubating mouse hepatocyte cultures with
[methyl-3H]thymidine for 24 h. (B) Eﬀect of U0126 on DNA synthesis
in cultured hepatocytes. Twenty four hours after seeding, hepatocytes
were treated or not (control, C) with U0126 until 48 h of culture in
presence of [methyl-3H]thymidine (Students t test; *P < 0.05). (C)
Eﬀect of U0126 on mGSTA4 upregulation. Twenty four hours after
seeding, hepatocytes were treated or not (C) with U0126 until 48 h and
analyzed by immunoblotting with anti-GSTA4 and anti-GSTA1
antibodies.
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the induction of JNK pathway. We have also established a cor-
relation between phosphorylation of JNK and mGSTA4
upregulation under oxidative stress conditions and evidenced
for the ﬁrst time the co-immunoprecipitation between
mGSTA4 and JNK.
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